This research probes the mechanisms of Zn adsorption on hydrated oxides of iron (HFO and goethite) using XAS. A systematic investigation reveals that Zn 2+ upon sorption to HFO retains its hydration shell (N ∼ 6 oxygens, R ∼ 2.18Å), irrespective of pH and adsorbate loading. Furthermore, the absence of second-shell contributions in combination with the temperature dependence of the structural parameters confirms outer-sphere adsorption complexes with HFO. In a coprecipitation study, the local coordination environment was consistent with Zn adsorption to HFO. On the other hand, Zn 2+ strongly adsorbs to goethite forming a tetragonal structure (N ∼ 4 oxygens and R ∼ 1.97Å). Evidence of two Fe 
INTRODUCTION
The fate of heavy metals like zinc in aquatic environments is largely governed by sorption to oxides of iron (1, 2) . These oxides exist in many forms ranging from the amorphous and metastable ferrihydrite to crystalline ones such as goethite and hematite (3). Manceau and co-workers have shown that even though goethite and hydrous ferric oxide (HFO) have similar structures, the lengths of their octahedral chains and hence their site densities differ (4) (5) (6) . A comparison of the macroscopic results shows that amorphous oxides such as ferrihydrite (also known as HFO) have large sorption capacities for metal contaminants as compared to crystalline oxides such as goethite (8) (9) (10) (11) (12) (13) . On the other hand, thermodynamic analyses suggest that while transition metals like Zn may be chemically sorbed to goethite (13, 14) , adsorption to HFO involves physical forces (9, 10, 13) . Long-term studies reveal that intraparticle diffusion is the ratelimiting mechanism for sorption to the microporous oxides, and thus zinc sorption may require from a few months to a few years to reach equilibrium (10, (15) (16) (17) . Similar studies with goethite indicate microporosity is not significant (13) . Macroscopic experiments provide information on bulk equilibrium and kinetic processes; however, to determine the molecular mechanisms, X-ray absorption spectroscopy (XAS) is needed.
XAS has proven to be a powerful tool in environmental research as it selectively probes the local coordination environment of a species over a wide range of concentrations. This structural information, including the identification of neighbors, their coordination numbers, and bond distances, provides contaminant sorption mechanisms under environmentally relevant conditions. Extensive studies have been conducted in the past to establish the adsorption mechanisms for different metal ions with various hydrated iron oxides. A large number of these studies have shown that metal ions sorb to these oxides through innersphere complexes: Cr(III) to goethite and ferrihydrite (18) ; Cd to a "two-line ferrihydrite" type of hydrous ferric oxide and to goethite (6) ; selenate to two-line ferrihydrite and goethite (5); U(VI) to ferrihydrite (19) ; As(V) and Cr(VI) to goethite (20) ; Zn to goethite (21) ; Pb to goethite (22) (23) (24) and to hematite (22) ; Hg(II) to goethite (25) ; and Cu and Pb to two-line ferrihydrite (17) . In contrast, other studies of iron oxide systems report outersphere types of adsorption mechanisms, where the adsorbate ions retain their waters of hydration; these include ZnEDTA sorption to goethite (21) , Sr sorption to HFO (26) , PbEDTA sorption to goethite (27) , and Sr sorption to goethite (28) .
Limited research has been conducted in coordinating macroscopic and spectroscopic observations for Zn sorption to metal oxides and clay minerals. Earlier work on zinc sorption to ferrihydrite (29) and zinc-ferric hydroxide coprecipitation (1) reported the transition from a six-fold coordination of zinc ions in the aqueous phase to a four-fold one sorbed to the surface. On the other hand, Schlegel et al. (21) observed that zinc ions in a nitrate-based electrolyte as well as in a complex with EDTA retained the octahedral hydration shell upon sorption to goethite. Recently Trainor et al. (30) studied Zn 2+ sorption to α-alumina powders as a function of sorption density and pH; they found Zn ions in tetrahedral coordination at low sorption densities. At higher sorption densities, although they observed six highly disordered oxygen atoms in the first shell at approximately 2.02Å, they surmised that two of the six were from the alumina surface. Furthermore, on the basis of their analyses they concluded that at low sorption concentrations, Zn ions formed predominantly an inner-sphere bidentate complex with AlO 6 polyhedra, whereas at higher sorption densities Zn formed a mixed-metal hydroxide coprecipitate with aluminum (30) . Likewise, XAFS studies of Zn sorption to pyrophyllite as a function of surface loading (0.1-1.6 µmol m −2 of pyrophyllite) and time revealed the formation of a Zn-Al layered double hydroxide where the crystalline stability increased with aging (31) . To complement the macroscopic studies of Zn sorption to HFO and goethite presented in the accompanying paper (13), a systematic analysis at the molecular level was conducted as a function of pH, adsorbate loading, and method of contact (adsorption versus coprecipitation).
In this research, the primary objective was to identify and compare Zn sorption mechanisms to HFO and goethite adsorbents as a function of pH, adsorbate loading, and method of contact on the basis of macroscopic studies (10, 11, 13) . Overall, this research aides in distinguishing different types of adsorption complexes such as inner-and outer-sphere ones, which are crucial in understanding contaminant mobility and bioavailability in subsurface systems.
EXPERIMENTAL METHODS AND ANALYSES

Sample Preparation
HFO was prepared following the method described by Dzombak and Morel (32) . The characteristics and properties of this HFO have been discussed previously (8, 13, 33) . Adsorption samples were prepared at pH 7 and 25
• C for the following sorption densities: 1 × 10 −3 and 1 × 10 −2 mol of Zn g −1 of HFO. To understand the sorption mechanism as a function of pH, samples with an adsorbate loading of 1 × 10 −3 mol of Zn g −1 of HFO were studied at pH 6 and 8. Finally, the local structure of Zn 2+ was also examined in a Zn-HFO coprecipitate sample prepared at pH 7 and 25
• C; the Zn concentration in this sample was 1 × 10 −3 mol of Zn g −1 of HFO. The purpose of this study was to examine whether a coprecipitate formed or the Zn ion adsorbed to the oxide surfaces prior to aggregation during precipitation.
Goethite was synthesized by employing the modified Atkinson's method and this synthesis process along with the goethite characterization are detailed in the accompanying paper as well as elsewhere (11, 13) . Zinc adsorption to goethite was studied as a function of pH and loading with one sample of 1.2 × 10 −5 mol of Zn g −1 of goethite at pH 6 and another with 2.0 × 10 −5 mol of Zn g −1 of goethite at pH 7. These sorption densities approximately represent the adsorption capacity of goethite for transition metals like Zn (11, 13) .
The sorbed Zn concentration was determined using 65 Zn as a tracer in duplicate samples (10) , where the activity was measured with a Beckman LS6000SE liquid scintillation counter. Except where otherwise stated, adsorption samples were equi- 
XAS Data Collection
XAS data were acquired on beamline X-11A at the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory, where the electron beam energies were 2.528 and 2.8 GeV with an average beam current of 180 mA. All Zn spectra were collected over the energy range of 9509-10,408 eV. The samples of Zn sorbed to HFO were measured in fluorescence mode placed at 45
• to the incident beam using a Lytle detector filled with Ar gas. To minimize the background, a 6-µm Cu filter (Z-1 filter) with one aluminum foil was placed between the sample and the soller slits, which was used to block most of the filter refluorescence. Harmonic rejection was achieved by detuning the monochromator 20% of I o . For Zn-goethite adsorption samples, XAS spectra were collected in fluorescence mode using a multielement Ge solid-state detector. For these samples, the monochromator was detuned to 70% of the fully tuned I o to operate the detector in the linear regime. Prior to analyses, Zn spectra from each of the multielement detector elements were inspected individually, and then added up to obtain the total fluorescence data. The XAS data of the reference compounds were collected in transmission mode at room temperature (298 K) and 77 K. The associated absorption lengths at the Zn K -edge were found to be 8 µm for ZnO, 19 µm for ZnO · nH 2 
XAS Data Analyses
The XAS spectra were analyzed using WinXAS 97 (Version 1.0) (34) . For each scan, the background X-ray absorbance was subtracted by fitting a linear polynomial through the pre-edge region. The edge jump of a background-corrected spectrum was normalized with a linear polynomial over 9.759-9.959 keV. The threshold energy (E o ) was determined from the first inflection point in the edge region and was used to convert the spectra from energy to k-space. A spline function was employed to account for the atomic absorption in the absence of backscattering contributions over the range 2.3-14.0Å −1 . This isolated function produced the XAFS function (χ(k)), which was then weighted by k 3 to enhance the higher k-space data. A Bessel window function was used in Fourier transforms to produce the radial structural function (RSF) over 2.65-13.65Å
−1 for all Zn standards except the Zn(NO 3 ) 2 solution, which was filtered over 2.3-9.2Å −1 . All adsorption samples were Fourier transformed over 2.3-9.2Å
as well. These RSFs are not corrected for phase shifts.
To obtain the structural information, the Fourier transforms were fit with a reference model generated using FEFF7 (35) , where all the parameters except the amplitude reduction factor (S 2 o ) were allowed to float. A comparison of the Zn(NO 3 ) 2 solution spectra collected in transmission mode with that of the fluorescence revealed an averaged S 2 o of 0.70; this S 2 o was employed in the fitting process for the adsorption samples. In the case of fitting multiple shells, the E o shift was constrained to be equivalent for all shells. All samples and standards except ZnCO 3 · nH 2 O were fit with chalcophanite (ZnMn 3 O 7 · 3H 2 O), where to obtain Zn-Fe contributions, the chalcophanite structure was modified by replacing Mn with Fe (36, 37) . Typically, a chalcophanite crystal consists of edge-sharing Mn(IV)O 6 octahedra that alternate with layers of Zn ions and water molecules (36, 38) . For ZnCO 3 · nH 2 O, hydrozincite (Zn 5 (OH) 6 (CO 3 ) 2 was used for fitting (39) .
RESULTS AND DISCUSSION
Zn Standards
The XAS spectra of Zn standards in Fig. 1 show that for each standard the χ -amplitude decreased with increase in temperature as a result of the increase in contributions from thermal vibrations. Unlike other Zn standards, the spectra of aqueous zinc nitrate show only first-shell contributions as would be expected. Figure 1 also includes chalcophanite, which was generated theoretically using FEFF7. Resultant Fourier transforms along with the fits for these standards are presented in Fig. 2 and in Table 1 where their structural parameters generated from the fits are compared with those of their known structure (shown in parentheses). For aqueous zinc nitrate the first shell consisted of 5.83 ± 0.39 O atoms at an average radial distance (R) of 2.18 ± 0.04Å; these parameters are indicative of the octahedral coordination of Zn by O in the aqueous solution. Recently, Trainor et al. (30) reported 6.1 O atoms at 2.07Å around Zn from XAFS studies with a 10 mM Zn(NO 3 ) 2 at pH 3.6; Numako and Nakai (40) estimated the Zn-O distance in 0.1 M Zn(NO 3 ) 2 to be approximately 2.09Å when they assumed six oxygen atoms surrounded Zn in the primary hydration shell. From XAFS studies with an aqueous ZnEDTA solution at pH 3, Schlegel et al. (21) found two sets of O atoms contributing to the first shell: 3.5 atoms at 2.01Å and 3.2 atoms at 2.19Å. For ZnO and for ZnO · nH 2 O, the first shell was tetragonal comprising 3.3-4 O atoms (R = 1.96Å) and the second shell of 11.7-14.3 Zn atoms (R = 3.21-3.22Å) was also observed; these results are consistent with those reported by Trainor et al. (30) . Pandya et al. (41) investigated the local structure of Zn 2+ in concentrated aqueous hydroxide solutions. Using single and multiple scattering, they determined that the Zn ions are in a tetrahedral configuration with a Zn-O bond distance of 1.96Å; however, no satisfactory fits were obtained for the second shell. In the present research, the XAS spectra of ZnCO 3 · nH 2 O were fitted with hydrozincite,
FIG. 1.
Background-subtracted, normalized, and averaged k 3 -weighted XAS spectra of Zn standards studied at Zn K-edge in transmission mode as a function of temperature. ZnMn 3 O 7 structure is generated from crystallographic data using FEFF7 (34) .
where the second-shell coordination numbers were fixed. The resulting first shell includes 5.2-5.6 O atoms at 2.12Å, while the second shell showed good fits for four Zn atoms at 3.14Å and two O atoms at 3.24Å. No stable fits were obtained when carbon was included in the second shell; this may be due to the smaller single scattering contributions from carbon as compared to Zn and oxygen. Hesterberg et al. (42) reported the first shell for ZnCO 3 to consist of 6.2 O at 2.09Å, while that of zinc hydroxy carbonate was comprised of 6.2 O atoms at 2.01Å. For Zn(NO 3 ) 2(aq) , ZnO · nH 2 O at 298 K, and ZnCO 3 · nH 2 O at all temperatures, stable fits were obtained only when the third cumulant (C 3 ) was included, which is indicative of moderate disorder in their structures. In all other standards, the fits were well described by a Gaussian distribution. Temperature studies revealed a decrease in the Debye-Waller factor (σ 2 ) with a decrease in temperature as a result of a significant contribution by the thermal component of the Debye-Waller factor. This result demonstrates the moderate disorder in the structures of ZnO · nH 2 O and ZnCO 3 · nH 2 O.
Zn-HFO Adsorption Samples
The XAS spectra for Zn-HFO adsorption systems studied as a function of pH, adsorbate loading, and scanning temperature appear to be similar to each other (Fig. 3) as well as to the spectrum of the aqueous Zn 2+ . These spectra exhibit a glitch at 10.2Å −1 , which is due to the presence of a fracture in the Si(111) crystal at the X-11A beamline. The data are noisier in the higher k range due to the highly disordered structure from HFO. Except for their magnitudes, these spectra resemble each other as a function of loading suggesting a similar adsorption reaction. Furthermore, adsorption does not appear to be a function of pH. Because these spectra are similar to aqueous Zn 2+ spectra, it appears the only backscattering contribution is from the first shell of oxygen atoms.
Fourier transforms of these spectra filtered over the k-range 2.3-9.2Å −1 show only one broad shell for all samples irrespective of adsorbate concentration, method of contact (Fig. 4) , or pH (Fig. 5) . Fitting this shell between 0.5 and 2.2Å suggests the presence of 5.9-6.2 highly disordered oxygen atoms at an average radial distance of 2.18Å. The absence of a second shell rules out the formation of any well-ordered Zn precipitates or a Zn-Fe solid solution. The results reveal that adsorption is best represented as an outer-sphere complex. Temperature dependence (Table 2 and Fig. 4 ) also confirms physical adsorption due to a significant contribution by the thermal component of the Debye-Waller factor. Additionally, because these structural parameters (Table 2) did not vary with the adsorbate loading or pH, an earlier hypothesis from macroscopic studies (10, 12, 13) that Zn sorbs to HFO through one average type of site is corroborated. The Zn-O distance in Zn-HFO samples is much shorter than those found for Sr, an alkaline earth metal, which was also found to be physically sorbed to HFO (26) ; the result demonstrates the higher affinity of transition metals for HFO in comparison to that of alkaline earth metals (10, 12) . The Zn-HFO coprecipitate was also found to exhibit a local structure consistent with the adsorption samples suggesting that Zn is only physically sorbed on the microporous surfaces (Fig. 4 and Table 2 ). Because Zn was present during the HFO precipitation, the ion could potentially sorb on the HFO nanoparticles prior to its aggregation and formation of microporous surfaces. Interestingly, through macroscopic studies, Crawford et al. (43) demonstrated that although the coprecipitation of metal ions like Zn and Ni with amorphous iron oxide is more efficient than adsorption, the free energy changes of these two processes are comparable.
Spadini et al. (6) found from their XAFS studies that Cd sorption complexes with two-line ferrihydrite are independent of pH and of adsorbate loading as well. They observed approximately one Fe atom at 3.32Å and 3.50Å from the central Cd atom (Table 3) . Similarly, Scheinost et al. (17) could fit one Fe atom at 3.3Å from either Cu or Pb sorbed to two types of two-line ferrihydrite (freshly precipitated and resuspended freeze-dried oxide). They further observed that this local structure of sorbed Cu or Pb ion was invariant of reaction time (up to 8 weeks), type of ferrihydrite, and presence of competing ions or fulvic acid.
Zn-Goethite Adsorption Samples
Zinc sorption to goethite was studied as a function of pH in the site saturation range as determined from macroscopic isotherm studies (11, 13) . The averaged XAS spectra are similar in phase suggesting that the sorption mechanism does not change with pH (Fig. 6a) . Interestingly, these spectra do not resemble those of aqueous Zn(NO 3 ) 2 or Zn-HFO systems suggesting that the local structure of Zn changes upon sorption to goethite. The presence of a second back scatterer is indicative of a second shell. Thermodynamic analyses from macroscopic experiments indicate that Zn adsorption to goethite is an endothermic chemical type of reaction resulting in the formation of inner-sphere complexes (13, 14) .
To further test the type of adsorption mechanism, spectra were fit with a theoretical standard generated by substituting Mn ions in chalcophanite with Fe ions as described in the XAS analyses section. Accordingly, results ( 
TABLE 2 XAS Parameters of Zn-HFO and Zn-Goethite Adsorption Samples Filtered from 2.3 to 9.2Å
−1a
Zn loadings one. As discussed earlier, Trainor et al. (30) observed that at low sorption densities (<1.1 µmol m −2 ) Zn 2+ sorbs to alumina as a mononuclear innersphere complex with tetragonal first-shell coordination and an average Zn-O distance of 1.96Å. Trainor et al. (30) also observed two additional oxygen atoms in the first shell at the higher sorption densities; however, they argue that given the short Zn-O distances (2.01-2.04Å) in the first shell, these additional oxygens may be from the alumina surface resulting in a distorted octahedra. In contrast, Zn sorbed to HFO (in this study), to goethite (21) , and to pyrophyllite (31) appeared to retain its six-fold oxygen coordination. One potential reason for differing results between Schlegel et al. (21) and this goethite work is the degree of oxide crystallinity.
In the Zn-goethite systems, the second shell was best fitted with 1.7-2.4 Fe atoms at 2.49-2.51Å (Table 2) suggesting that Zn ions are chemically sorbed to goethite forming an innersphere complex. These results are in agreement with the high adsorption enthalpies noted for Zn and Ni sorption to goethite (13) . No fits were obtained with oxygen or Zn in the second shell. The structural parameters for Zn-goethite systems show very little temperature dependence (Table 2) suggesting greater static contributions as compared to thermal ones. This temperature effect is consistent with chemical bonding. The Zn-Fe distances observed in this research are comparable to the many other systems studied (Table 3) ; for example Cd-Fe distances found for Cd adsorption to goethite are 3.26 and 3.48Å, where the Fe coordination number at 3.48Å is 3 times greater than that at 3.26Å (6) . Using γ -FeOOH to fit the second shell for Zn sorbed to goethite, Schlegel et al. (21) estimated 0.9 Fe atoms at 
SUMMARY
Based on the spectroscopic evidence presented, the Zn ion physically sorbs to amorphous oxides such as HFO where it retains its hydration shell upon adsorption. The absence of Zn contributions in the second shell rules out the possibility of polynuclear complexes or any well-ordered Zn precipitates. Furthermore, the lack of contributions from Fe in the second shell suggests an outer-sphere type of adsorption mechanism that is independent of pH and adsorbate concentration. Similarly, the local structure from the coprecipitate sample suggests that Zn is only physically sorbed on the microporous surfaces of HFO and does not appear to form any solid solution with ferric ions. On the other hand, Zn ions form strongly bonded mononuclear complexes with goethite where their octahedral hydration shell is converted into a tetragonal structure upon adsorption. Overall, the results presented in this paper demonstrate that even though the local structures of HFO and goethite are found to have similarities, they do not exhibit similar sorption properties. HFO is viewed as a mosaic of short octahedral chains resulting in a greater sorption capacity than goethite. Most importantly, this research aids in selecting mechanistic models for describing the fate of metals like Zn in soils and sediments that are rich in iron oxides.
